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HIGHLIGHTS 


►  oc-Mn02  samples  were  synthesized 
using  microwave-assisted  and  reflux 
methods. 

►  Microwave  synthesized  oc-Mn02 
shows  higher  rate  pseudocapacit¬ 
ance. 

►  Microwave  synthesized  a-Mn02 
shows  lower  ESR,  IR  drop  and 
capacitance  retention. 

►  Microwave  synthesized  a-Mn02 
shows  high  power  and  energy 
density. 
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In  this  study,  exclusive  affect  of  microwave  mediated  synthesis  on  the  physicochemical  and  electro¬ 
chemical  properties  of  a-Mn02  have  been  differentiated  from  that  of  a-Mn02  synthesized  in 
conventional-reflux  method.  The  TG,  XRD,  BET  and  SEM  analyses  show  improved  physicochemical 
properties  like  additional  lattice  I<+  ions,  better  crystallinity,  high  surface  area  (155  m2  g-1)  as  well  as 
pore  volume  (0.67  cm3  g-1)  and  hierarchical  porous  ball-like  morphology  of  the  microwave-synthesized 
a-Mn02.  The  CV  studies  show  lower  polarization  resistance  and  higher  rate  pseudocapacitance  (258  Fg-1 
at  100  mVs-1)  of  microwave-synthesized  a-Mn02  as  compared  to  its  reflux-synthesized 
counterpart  (168  Fg-1  at  100  mVs-1).  The  CP  studies  show  better  high  rate  charge-discharge  perfor¬ 
mance  (146  Fg-1  at  16  Ag-1),  longer  cyclic  stability  (91.4%  capacitance  retention  after  400  charge- 
discharge  cycles  at  16  Ag-1)  and  higher  Coulombic  efficiency  (~100%)  of  microwave-synthesized  a- 
Mn02  as  compared  to  the  reflux-synthesized  sample  (80  Fg-1  at  16  Ag-1;  74.1%  capacitance  retention 
after  400  charge-discharge  cycles  at  16  Ag-1;  85%  Coulombic  efficiency).  Further,  due  to  facile  mass 
transfer  in  the  perfectly  porous  matrix,  the  microwave-synthesized  a-Mn02  shows  lower  equivalent 
series  resistance  and  better  frequency  response  (higher  specific  capacitance  at  elevated  operating 
frequency)  as  revealed  from  the  impedance  studies. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Development  of  sustainable  and  renewable  energy  future  has 
been  the  most  important  challenge  for  scientists  and  engineers 
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internationally,  for  addressing  the  rapidly  depleting  fossil  fuels  [1  ]. 
In  this  context,  supercapacitors  comprising  a  characteristic 
combination  of  high  power  and  reasonable  energy  density  with 
faster  response  time  and  near-infinite  life  cycle  in  a  wide  opera¬ 
tional  temperature  range,  can  complement  other  energy  storage 
devices  like  conventional  capacitors,  batteries  and  fuel  cells  [2-8]. 
High  surface  area  carbon,  polymers  and  transition  metal  oxides  are 
the  arrays  of  efficient  electrode  materials  exploited  for  capacitive 


0378-7753 /$  -  see  front  matter  ©  2012  Elsevier  B.V.  All  rights  reserved. 
doi:10.1016/j.jpowsour.2012.04.104 


318 


S.K.  Meher,  G.R.  Rao  /  Journal  of  Power  Sources  215  (2012)  317-328 


(charge  separation  at  electrode-electrolyte  interface;  non- 
Faradaic)  and  pseudocapacitive  (reversible  redox  reaction;  Fara- 
daic)  Among  these  potential  materials,  much  effort  has  been 
devoted  to  improve  the  power  and  energy  densities  of  transition- 
metal  oxides  due  to  their  low  cost  as  well  as  high  specific  capaci¬ 
tance,  originated  from  variable  oxidation  states  and  multi-electron 
transfer  during  redox  transitions  within  the  potential  range  of 
water  decomposition  [2—11].  Various  forms  of  Ru02  and  hydrous 
Ru02  are  found  to  be  remarkable  in  supercapactor  applications  due 
to  their  ultrahigh  theoretical  capacitance  ( ~2000  Fg-1)  in  a  wider 
applied  potential  window  of  ~1.4  V,  higher  room  temperature 
electrical  conductivity  and  significant  chemical  and  thermody¬ 
namic  stability  under  the  usual  electrochemical  environment 
[9—12].  Flowever,  toxicity  and  expensiveness  are  the  major  short¬ 
comings  of  Ru02  for  its  widespread  commercial  applications. 
Among  the  other  transition-metal  oxides,  different  crystallographic 
forms  of  MnOx  are  identified  as  better  materials  for  supercapactor 
applications  due  to  their  abundance,  superior  environmental 
benignity  and  high  structural  flexibility  along  with  suitable  physical 
and  efficient  electrochemical  properties  [13-15].  Among  various 
crystallographic  structures  of  MnOx,  a-Mn02  is  recognized  as  the 
most  favorable  for  supercapacitor  applications  due  to  its  wide 
tunnel  size  ( -4.6  A)  and  large  specific  surface  area  [16].  It  has  been 
established  that  the  energy  storage  in  Mn02  based  supercapacitors 
can  be  capacitive  as  well  as  pseudocapacitive  [17-19].  Therefore,  to 
achieve  fast  capacitive  response  and  high  volumetric  capacitance, 
open  nanoscale  porosity  in  the  MnOx  matrix  is  especially  important 
for  superior  accessibility  by  the  electrolytes  to  enhance  the  inter¬ 
facial  area  for  electron/ion  adsorption  and  unhindered  mass 
transport  during  reversible  redox  reaction  process.  In  addition, 
improving  the  rather  poor  electrical  conductivity 
(1CT5— 10~6  Scnrr1)  and  structural  stability  as  well  as  flexibility  for 
better  electronic/ionic  conductivity  and  long-term  electrochemical 
cyclability  are  some  of  the  foremost  challenges  in  improving  the 
efficiency  of  Mn02  [20].  In  this  context,  hierarchical  a-Mn02  with 
highly  synergic  nanometer-sized  building  blocks  and  micrometer¬ 
sized  infinite  variety  of  structures  have  been  widely  reported  in 
the  literature  for  high  performance  supercapacitor  applications 
[13-15,21-29].  However  most  of  the  reported  synthesis  methods 
are  either  hydrothermal  mediated  [21,27,30]  or  tedious  and 
expensive  combinations  of  procedures  such  as  use  of  templates 
[24,31],  noble  metals  [20,32]  and  electrochemical  deposition 
[23,25,33]  are  employed  to  generate  bulk  nanostructures  and  films 
of  a-Mn02  for  supercapacitor  applications.  Although  hydrothermal 
conditions,  due  to  easily  controllable  parameters,  are  rather  ideal 
for  enhanced  crystallization  and  monophasic  product  formation, 
the  precise  control  of  morphology  and  stoichiometry  of  the  product 
in  a  hydrothermal  process  is  quite  complicated  and  tricky,  down  to 
the  possibility  of  growth  of  secondary  phases.  In  addition,  very 
small  changes  in  the  hydrothermal  parameters  can  lead  to  products 
with  altogether  different  stoichiometry,  and  bulk  as  well  as  surface 
characteristics.  Recently,  considerable  efforts  have  been  made  to 
formulate  high  surface  area  composites  of  Mn02  with  polymers 
[34],  carbons  [35,36],  CNTs  [32,36,37]  and  graphene  [38]  etc.,  to 
induce  conductivity  and  achieve  superior  pseudocapacitance. 
However,  composite  materials  are  good  to  study  under  laboratory 
conditions,  scaling  up  for  practical  applications  need  further  eval¬ 
uation.  Further,  composite  materials  may  suffer  from  phase 
heterogeneity  after  initial  charge-discharge  cycles  resulting  in 
diminished  pseudocapacitance  performance.  In  addition,  tuning 
the  surface  morphology,  porosity  as  well  as  electrochemical  prop¬ 
erties  of  composite  electrode  materials  is  rather  impractical.  Hence 
enhancing  the  pseudocapacitance  performance  of  single  phase  a- 
Mn02  by  mesoscopic  level  modification  of  surface  morphology  and 
microstructures  is  quite  essential.  In  this  perspective, 


nanostructurization,  easily  controllable  pore  and  surface  modifi¬ 
cation,  and  scalable  fabrication  of  conductive  nanoarchitectures, 
using  simple,  environmentally  friendly  and  reproducible  synthesis 
methods  are  the  major  challenges  to  produce  suitably  structured  a- 
Mn02  for  supercapacitor  applications. 

Lately,  microwave-mediated  synthesis,  due  to  higher  penetra¬ 
tion  depth,  enhancement  in  the  nucleation  rate,  lesser  thermal 
gradient  in  the  reaction  medium  and  reduction  in  the  synthesis 
time,  has  drawn  great  deal  of  attention  in  uniform  nano¬ 
structurization  of  metal  oxides  [39].  In  this  context,  microwave- 
mediated  synthesis  has  been  adopted  to  prepare  Mn02  with 
highly  uniform  microstructures  [40-43].  However  the  microwave 
methods  adopted  in  the  literature  to  synthesize  Mn02  are  few  in 
number.  In  addition  most  of  the  microwave  methods  are  exploited 
either  under  hydrothermal  conditions  [41—43]  or  in  the  presence 
of  templates  [40].  Since  the  hydrothermal  reaction  conditions  as 
well  as  presence  of  organic  surfactant  molecules  modify  the 
kinetics  and  selectivity  of  crystal  growth,  the  specific  affect  of 
microwave  on  the  crystal  growth  and  surface  morphology  of  Mn02 
cannot  be  envisaged  clearly.  Further,  there  is  hardly  any  literature 
available  showing  clear  affect  of  microwave  on  the  surface 
morphology  and  other  physicochemical  properties  of  a-Mn02. 
Therefore,  it  is  important  to  distinguish  the  affect  of  microwave 
heating  and  the  conventional  heating,  for  the  nature  of  crystal 
growth,  surface  morphology  and  structure-activity  relationship  of 
a-Mn02. 

In  this  study,  we  have  selectively  synthesized  hierarchically 
porous  a-Mn02  in  conventional-reflux  and  microwave  mediated 
methods,  under  non-hydrothermal  template-free  synthesis  condi¬ 
tions.  Further,  the  physicochemical  and  structure-activity  correla¬ 
tions  have  been  studied  in  greater  detail,  to  ascertain  the  rationale 
behind  the  suitability  of  microwave  mediated  synthesis  over 
conventional-reflux  synthesis  of  a-Mn02  for  high  performance 
supercapacitor  application. 

2.  Experimental 

2.1.  Synthesis  of  a-Mn02  samples 

Analytical  grade  KMnCH  (SD  Fine  Chemicals,  India)  and  HC1 
(Rankem,  India)  were  used  as  received.  Triply  distilled  water  was 
used  during  all  the  experimental  processes.  In  a  typical  batch  of 
experiment,  22.2  mmol  of  HC1  in  10  ml  of  water  was  added  drop 
wise  to  90  ml  of  5.5  mmol  aqueous  KMnCH  solution  with  constant 
stirring,  to  form  the  precursor  solution.  The  precursor  solution  was 
then  divided  in  to  two  equal  halves,  one  half  was  subjected  to 
refluxing  at  120  °C  for  12  h,  and  the  other  half  was  subjected  to 
microwave  heating,  using  250  W  power  at  120  °C  for  15  min,  in 
a  CEM  Discover  Bench  Mate  microwave  reactor.  The  heat  treat¬ 
ments  resulted  in  the  formation  of  black  color  compounds.  After 
self-cooling  the  reaction  mixtures  to  room  temperature,  the 
compounds  were  concentrated  by  centrifugation  at  5000  rpm, 
with  repeated  washing  in  water  to  remove  impurities  and  possible 
un-reacted  starting  materials.  The  materials  were  then  dried 
overnight  under  vacuum,  at  60  °C,  to  get  the  final  product.  The 
samples  synthesized  under  conventional-reflux  and  microwave 
assisted  methods  were  assigned  as  Mn02-ref  and  Mn02-mw, 
respectively. 

2.2.  Technical  characterizations 

Thermogravimetric  analyses  (TGA)  of  the  samples  were  carried 
out  on  a  TA-make  Q500-V20.10  Build  36  TGA  instrument  in  air  flow 
(20  ml  per  min)  with  a  linear  heating  rate  of  20  °C  per  min.  The 
powder  X-ray  diffraction  (PXRD)  patterns  were  recorded  from  10 
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to  80°  at  a  scan  rate  of  0.01°  s-1  using  a  Bruker  AXS  D8  Advance 
diffractometer,  employing  Cu-Ka  (A  =  0.15408  nm)  radiation 
generated  at  40  kV  and  30  mA.  The  crystallite  size  of  the  samples 
were  estimated  applying  the  Debye-Scherrer  equation,  D  =  KA/ 
(jftcosB)  where  D  is  the  linear  dimension  of  the  particle  (particle 
size),  K  is  the  spherical  shape  factor  (0.89)  and  (3  is  the  graphically 
measured  full  width  at  half  maximum  height  (FWHM)  of  the 
particular  peaks.  Multipoint  N2  adsorption-desorption  experi¬ 
ments  were  carried  out  at  77  I<  on  an  automatic  Micromeritics 
ASAP  2020  analyzer.  The  samples  are  out-gassed  at  100  °C  for  2  h 
followed  by  150  °C  for  10  h  in  a  dynamic  vacuum  before  phys- 
isorption  measurements.  The  specific  surface  areas  were  calculated 
by  Brunauer— Emmett-Teller  (BET)  gas  adsorption  method  and  the 
pore  size  distribution  plots  were  generated  from  desorption 
branch  of  the  isotherm  by  the  Barrett-Joyner-Halenda  (BJH) 
method.  The  surface  morphologies  of  the  samples  were  obtained 
from  an  FEI  Quanta  FEG  200  field  emission  scanning  electron 
microscope  (FESEM).  The  powder  samples  were  dispersed  in 
ethanol  by  sonication  and  deposited  on  a  conducting  carbon  tape 
before  mounting  on  the  microscope  sample  holder  for  analysis. 
The  chemical  compositions  of  the  samples  were  analyzed  using 
inductively  coupled  plasma-optical  emission  spectrometry  (ICP- 
OES)  in  a  Perkin  Elmer  Optima  5300  DV  ICP-OES  spectrometer. 


2.3.  Fabrication  of  electrode  and  electrochemical  measurements 

The  working  electrodes  for  evaluating  the  electrochemical  prop¬ 
erties  were  fabricated  by  mixing  80  wt%  of  each  Mn02  sample  with 
15  wt%  of  acetylene  black  in  an  agate  mortar.  To  this  mixture,  5  wt% 
polyvinylidene  difluoride  (PVdF)  binder  dissolved  in  l-methyl-2- 
pyrrolidinone  (NMP)  was  added  to  form  slurry.  The  slurry  was 
coated  (area  of  coating  :  1  cm2)  on  a  pre-treated  battery-grade  Ni  foil 
(0.2  mm  thick,  polished  with  991 A  softflex  grade  abrasive  paper 
(Silicium  Carbid  P  2000)  followed  by  sonication  in  ethanol  for  1  h)  and 
dried  at  60  °C  for  8  h  under  vacuum.  Cyclic  voltammetry  (CV),  chro- 
nopotentiometiy  (CP)  and  electrochemical  impedance  spectroscopy 
(EIS)  studies  were  performed  using  a  CHI  7081 C  electrochemical 
workstation  in  a  three-electrode  configuration,  with  Mn02  coated  Ni 
plate,  Pt  foil  (1x2  cm2)  and  saturated  calomel  electrode  (SCE)  as 
working,  counter  and  reference  electrodes,  respectively.  All  the  elec¬ 
trochemical  measurements  were  performed  using  1.0  M  aqueous 
Na2S04  solution  as  the  electrolyte.  The  electrochemical  impedance 
spectra  were  measured  by  imposing  a  sinusoidal  alternating  voltage 
frequency  of  10-2  to  105  Hz,  alternating  current  (ac)  amplitude  of 
5  mV  and  a  constant  dc  bias  potential  of  0.5  V.  All  potentials  reported 
in  the  present  study  are  against  SCE. 


3.  Results  and  discussion 

3.1.  Physicochemical  characterizations 

3.1.1.  PXRD  and  TGA  analyses 

The  PXRD  patterns  of  MnCVmw  and  MnCVref  samples  shown 
in  Fig.  1A  confirm  the  crystalline  tetragonal  a-Mn02  phase  (JCPDS: 
44-0141)  [22].  However,  the  crystallinity  of  a-Mn02  samples 
synthesized  from  conventional-reflux  and  microwave  mediated 
heating  methods  are  drastically  different  as  observed  from  the 
differences  in  intensity  of  PXRD  patterns.  The  Mn02-mw  sample 
shows  intense  and  clear  PXRD  peaks  exhibiting  better  crystallinity 
and  phase  purity  as  compared  to  Mn02-ref  sample.  This  may 
happen  due  to  hot  spot  induced  rapid  crystal  growth  during 
microwave  mediated  reaction.  The  higher  thermal  gradient  in  the 
conventional-reflux  medium  leads  to  a-Mn02  with  some  non¬ 
stoichiometry  and  thus  broader  XRD  peaks.  The  crystallite  size  of 
Mn02-mw  and  Mn02-ref  samples  calculated  using  Scherrer  equa¬ 
tion  are  -12  nm  and  -9.5  nm,  respectively.  Structurally,  a-Mn02 
possess  ID  channel  structure  resulting  from  the  double  chains  of 
interlinked  MnC>6  octahedra  (edge-shared).  The  MnC>6  octahedra 
are  linked  at  the  corners  to  form  (2x2)  and  (lxl)  tunnel  struc¬ 
tures  extending  in  a  direction  parallel  to  the  c  axis  of  the  tetragonal 
unit  cell.  The  size  of  the  (2  x  2)  and  (lxl)  tunnels  are  —0.46  and 
-0.189  nm,  respectively  [13,16,44].  Due  to  larger  size,  the  (2  x  2) 
tunnels  are  suitable  for  possessing  specific  cations  such  as  Na+,  I<+, 
NHj,  Ba2+,  or  H30+  which  stabilize  the  a-Mn02  structure  [45]. 
During  our  synthesis  process,  I<+  and  H30+  are  the  possible  stabi¬ 
lizing  cations,  which  may  remain  intercalated  in  the  (2  x  2)  tunnels 
of  a-Mn02.  Since  the  amount  of  I<+  ions  in  an  oc-MnC^  lattice 
significantly  influence  many  intrinsic  properties  [46,47],  ICP-OES 
analyses  have  been  performed  to  quantitatively  find  out  the 
amount  of  I<+  in  the  Mn02-mw  and  Mn02-ref  samples.  The  amount 
of  I<+  ions  in  the  Mn02-mw  sample  is  found  to  be  - 10.2  wt%,  which 
is  considerably  higher  than  the  I<+  ions  present  in  Mn02-ref  sample 
(-6.3  wt%).  Since  the  Mn02-mw  sample  possesses  high  crystal 
orderliness,  the  more  number  of  I<+  ions  are  effectively  involved  in 
charge  neutralization  of  the  lattice. 

For  further  structural  insights,  thermogravimetry  analyses  of 
the  Mn02-mw  and  Mn02-ref  samples  have  been  performed  and  the 
respective  TGA  patterns  are  shown  in  Fig.  IB.  Both  the  samples 
show  progressive  weight  losses  up  to  -  500  °C,  which  is  ascribed  to 
the  removal  of  surface-adsorbed  water.  The  TGA  patterns  of  the 
samples  also  indicate  that  the  removal  of  water  molecules  from  a- 
Mn02  lattice  is  a  complex  process  which  may  proceed  in  two  steps: 
(1)  the  removal  of  surface-adsorbed  water  molecules  as  well  as 
uncoordinated  interlayer  water  (up  to  -225  °C)  and  (2)  the  water 
loss  from  the  hydration  shell  of  interlayer  cations  (up  to  -500  °C) 


Fig.  1.  (A)  XRD  patterns  of  Mn02-mw  and  Mn02-ref  samples,  and  (B)  their  corresponding  TGA  profiles. 
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[48].  Quantitative  estimations  show  -2.7%  and  -  12.7%  weight  loss 
due  to  adsorbed-water  from  Mn02-ref  and  Mn02-mw  samples, 
respectively.  Similarly,  hydrated-water  losses  from  Mn02-ref  and 
MnCVmw  samples  are  estimated  as  -1.9%  and  -3.7%,  respec¬ 
tively.  The  higher  loss  of  adsorbed  as  well  as  coordinated  water 
from  the  Mn02-mw  can  be  attributed  to  higher  porosity  and 
accessible  surface  area  of  the  sample.  Further,  the  presence  of 
higher  amount  of  cation  coordinated  water  in  the  MnCVmw 
sample  correlates  well  with  higher  amount  of  I<+  from  ICP-OES 
analysis.  Additional  weight  loss  of  -1.4%  for  Mn02-ref  and  -2.9% 
for  MnCVmw  sample  at  -535  °C  corresponds  to  the  trans¬ 
formation  of  Mn02  to  Mn203  (4  Mn02  ->  2  Mn203  +  02)  [48].  The 
nature  of  weight  loss  is  noticeably  sharper  in  the  case  of  Mn02-ref 
sample  as  compared  to  the  MnCVmw  sample.  This  is  due  to  the 
presence  of  lesser  amount  of  I<+  ions  in  the  (2  x  2)  tunnel  of  MnCV 
ref  lattice  which  provides  poor  stabilization  to  the  crystal  structure 
as  compared  to  MnCVmw  lattice.  Due  to  the  hindrance  of  I<+  ions 
during  the  phase  transition  in  Mn02-mw  lattice,  the  characteristics 
weight  loss  after  -535  °C  is  quite  sluggish.  The  weight  losses  after 
-700  °C  in  both  the  samples  correspond  to  the  phase  transition  of 
Mn303  to  Mn304  (3Mn203  — ►  2Mn304  +  1/2  02)  [48]. 

3.1.2.  FESEM  analysis 

FESEM  analyses  have  been  performed  to  probe  the  surface 
structural  identities  of  MnCVmw  and  MnCVref  samples  and  the 
respective  microscopic  images  are  shown  in  Fig.  2  (A,  B)  and  (C,  D). 
The  MnCVref  sample  (Fig.  2 A  and  B)  shows  congregation  of  dis¬ 
torted  and  irregular  flower  like  structures  made  up  of  thick 
microsheets,  whereas  MnCVmw  sample  (Fig.  2C  and  D)  shows 


highly  uniform  and  porous  flower  like  structure  made  up  of  thin 
layered  microsheets.  The  observed  difference  in  the  dimensionality 
and  arrangement  of  the  microsheets  resulting  in  the  characteristic 
morphology  of  the  MnCVref  and  MnCVmw  samples  is  solely  due 
to  the  difference  in  the  mode  of  heating  during  synthesis  [49].  The 
exact  mechanisms  for  the  formation  of  this  type  of  complex 
superstructures  are  yet  to  be  understood  clearly,  due  to  wide  range 
of  interactions  such  as  van  der  Waals,  ionic,  steric,  entropic  and 
electrostatic,  occurring  simultaneously  in  the  reaction  medium 
with  varying  strength,  range,  and  selectivity  [50].  However,  time 
dependent  product  analysis  during  synthesis  as  well  as  some 
theoretical  studies  show  that  the  generation  of  these  types  of 
irregular  as  well  as  highly  ordered  surface  structures  is  mostly  due 
to  the  self-assembly  process  during  structural  growth  [51].  By  and 
large,  the  formation  of  the  hierarchical  structures  follows  a  nucle- 
ation-dissolution-anisotropic  growth-recrystallization  mechanism 
[52].  Further,  the  self-assembly  process  can  be  enormously  affected 
by  the  mode  of  heat  treatment  during  synthesis.  In  both  the 
conventional-reflux  and  microwave-mediated  methods,  the  I<+  ion 
induces  formation  of  MnC^  microflakes  during  the  initial  nucle- 
ation  process  [47].  With  further  course  of  reaction  at  elevated 
temperature,  the  metastable  micro-flakes  tend  to  curl  resulting  in 
twisted  microflakes  [46].  Under  conventional-reflux  heating 
conditions  for  longer  duration,  the  curled  microflakes  undergo 
coalescence  and  Ostwald  ripening  to  form  thick  microflakes.  As  the 
reaction  proceeds  further,  the  microflakes  undergo  random  self- 
assembly  to  generate  distorted  and  irregular  flower  like  structure. 
However,  during  the  microwave-mediated  synthesis,  the  nature 
and  distribution  of  bulk  temperature  in  the  reaction  medium  is 


Fig.  2.  FESEM  micrographs  of  Mn02-ref  (A  and  B)  and  Mn02-mw  (C  and  D)  samples. 
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entirely  different  due  to  unique  microwave  dielectric  heating 
mechanism,  which  occurs  through  dipolar  polarization  and  more 
importantly  ionic  conduction  [39,49].  In  fact,  microwave  not  only 
accelerates  the  nucleation  but  also  enhances  the  rate  of  dissolution 
of  precursor,  the  formation  of  intermediate  polynuclear  species  as 
well  as  amorphous  intermediary  particles,  and  agglomeration  of 
primary  particles.  Microwave  also  creates  hot  spot  on  the  precur¬ 
sors  and  greatly  affects  the  mode  and  rate  of  self  assembly/aggre¬ 
gation.  The  localized  heating  by  microwave  also  induces  the 
superior  crystallization  of  the  product  [39,49].  This  phenomenon  is 
reflected  in  the  PXRD  pattern,  where  Mn02-mw  sample  is  found  to 
be  more  crystalline  as  compared  to  MnCVref  sample.  Further, 
microwave  also  randomly  etches  the  partially  coalesced  flakes  to 
provide  a  type  of  rippled  surface  to  the  flakes  [49].  The  curled  and 
rippled  flakes  then  undergo  uniform  and  directional  self-assembly 
by  mass  transport  mechanism  induced  by  microwave  created 
localized  “hot  surface”  [39,49].  The  self  assembly  results  in  well 
arranged  ball  like  superstructure  with  hierarchical  rippled  shaped 
surface.  It  should  be  noted  that,  the  absence  of  such  unique  heating 
mechanism  in  the  conventional-reflux  method  leads  to  product 
with  no  specific  morphological  arrangement.  The  plausible 
formation  mechanisms  of  MnCVref  and  Mn02-mw  samples  are 
presented  in  Scheme  1,  which  is  consistent  with  the  well  studied 
formation  mechanisms  of  metal  oxides  from  time-dependent 
product  analysis  [53]. 

3.1.3.  BET  analysis 

The  hierarchical  porosity  of  Mn02-ref  and  Mn02-mw  samples 
are  probed  from  the  BET  analysis.  Fig.  3  shows  the  N2-adsorption/ 
desorption  isotherms  of  MnCVref  and  Mn02-mw  samples,  and  the 
inset  shows  the  corresponding  BJH  pore  size  distribution  plots.  The 
isotherms  of  both  the  samples  show  H3-type  hysteresis  loops 
which  mostly  correspond  to  the  presence  of  aggregated  plate  like 
particles  with  slit  shape  pores  [54].  The  average  pore  diameters  of 
Mn02-ref  and  MnCVmw  samples  are  found  to  be  in  the  mesopore 
region,  with  bimodal  pore  size  distributions.  Flowever,  the  pore  size 
distribution  maxima  of  the  samples  are  centered  at  different  pore 
radii;  for  MnCVref  sample,  the  maxima  are  centered  at  -5.7  and 
-10.3  nm,  whereas  those  in  Mn02-mw  sample  at  -3.9  and 
—  12.7  nm.  These  results  show  that  mesopores  of  different  sizes 
originate  from  the  difference  in  the  surface  structures  of  MnCVref 
and  MnCVmw  samples.  The  intensities  of  the  pore  size  distribution 
in  MnCVmw  sample  are  substantially  higher  than  that  of  MnCVref 
sample  suggesting  higher  pore  volume  of  MnCVmw  sample.  The 
characteristic  bimodal  porosity  of  the  samples  is  an  amalgamation 
of  internal  space  of  the  agglomerated  flakes,  surface  porosity  of  the 
flakes,  and  the  porosity  due  to  internal  space  of  different  meso- 
flower  structures  [55].  The  pore  size  distribution  of  MnCVmw 
sample  is  rather  narrow  as  compared  to  MnCVref  sample  which 


Fig.  3.  N2-adsorption-desorption  isotherm  plots  of  Mn02-ref  and  Mn02-mw  samples. 
Inset  shows  the  corresponding  pore  size  distribution  graphs  of  the  samples. 

further  supports  the  better  homogeneity  in  the  surface  morphology 
and  porosity  of  MnCVmw  sample.  The  BET  surface  area  and  cor¬ 
responding  pore  volumes  of  MnCVmw  and  MnCVref  samples  are 
155  and  130  m2  g-1,  and  0.67  and  0.56  cm3  g-1,  respectively.  Such 
type  of  hierarchical  surface  morphologies  with  well  developed  pore 
structures  are  advantageous  for  energy  storage  applications  since 
large  pore  channels  permit  rapid  electrolyte  transport,  while  the 
small  pores  provide  more  active  sites  for  chemical  reactions  [5]. 

3.2.  Electrochemical  characterizations 

3.2.1.  Cyclic  voltammetry  (CV)  analysis 

To  explore  the  potential  applications  in  electrochemical  energy 
storage,  the  hierarchical  porous  MnC^  samples  were  used  to  make 
supercapacitor  electrodes,  and  characterized  with  cyclic  voltam¬ 
metry,  galvanostatic  charge/discharge  and  impedance  measure¬ 
ments  [56].  The  CV  responses  of  the  MnCVref  and  MnCVmw 
samples  carried  out  at  different  scan  rates  (10-100  mVs1)  in 
a  fixed  potential  range  of  0-1.0  V  in  aqueous  1  M  Na2S04  electrolyte 
are  shown  in  Fig.  4A  and  B,  respectively.  The  individual  MnCVref 
and  MnCVmw  sample  electrodes  were  subjected  to  one  time 
stabilization/activation  by  repeated  CV  cycles  (50  numbers)  at 
sweep  rates  of  5  mVs1  in  the  similar  potential  range,  before  per¬ 
forming  the  CV  experiments  for  accessing  the  electrochemical 
performance.  The  CV  profiles  of  MnC^  samples  at  different  scan 
rates  are  almost  rectangular  in  shape  indicative  of  ideal 
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Fig.  4.  Cyclic  voltammograms  of  (A)  Mn02-ref  and  (B)  Mn02-mw  samples  at  different  scan  rates;  (C)  Comparison  of  cyclic  voltammograms  of  Mn02-ref  and  Mn02-mw  samples  at 
50  mVs-1  and;  (D)  Specific  capacitance  versus  scan  rate  plots  of  Mn02-ref  and  Mn02-mw  samples;  inset  shows  the  plots  of  capacitance  retention  with  potential  scan  rate. 


pseudocapacitive  behavior  [2,5,14].  The  redox  chemistry  of  M11O2 
during  cyclic  voltammetry  study  is  largely  dependent  on  the  nature 
of  the  electrolyte,  i.e.  acidic,  basic  or  neutral  [57].  In  neutral  elec¬ 
trolyte  as  studied  here,  there  are  generally  two  parallel  mecha¬ 
nisms  proposed,  based  on  the  adsorption  and  intercalation 
involving  surface  and  bulk  phenomena  during  the  charge  storage  in 
porous  Mn02-based  electrodes  [18,19,45,58].  The  first  possible 
mechanism  is  the  intercalation  and  de-intercalation  of  smaller  H+ 
or  bigger  alkali  metal  cations  such  as  Na+  in  the  matrix  of  the 
material  during  the  reduction  and  oxidation  process,  respectively 
[19,58].  The  other  possible  mechanism  is  based  on  the  adsorption  of 
the  H+  and  Na+  ions  on  the  surface,  rather  than  in  the  bulk  of  the 
sample  [19,58].  The  primary  reactions  involved  in  the  two  possible 
processes  can  be  represented  as: 

Mn02  +  C+  +  e~  ^MnOO“C+ 

Mn02(surface)  +  C+  +  e-  (Mn02  C+)(surface) 

where,  C  can  be  either  H+  or  Na+  ion.  From  the  CV  graphs  it  is 
realized  that  there  is  an  increase  in  the  anodic  (positive)  and 
cathodic  (negative)  current  density  with  increase  in  the  scan  rate, 
during  CV  cycling.  This  clearly  demonstrates  the  occurrence  of 
intercalation  and  de-intercalation  of  H+  or  Na+  ions  during  the 
charge  storage  in  the  Mn02  samples.  This  is  due  to  the  fact  that  at 
lower  scan  rates,  both  outer-  and  the  inner-pore  surfaces  of  the 
porous  electrode  materials  are  effectively  utilized  for  intercalation, 
while  at  high  scan  rates  mainly  outer  regions  of  the  pores  are 
accessed  by  the  ions  [59,60].  However,  at  a  fixed  potential  scan  rate, 
the  measured  specific  current  of  MnC^-mw  sample  is  marginally 
higher  than  that  of  Mn02-ref  sample  (Fig.  4C).  It  is  known  that  the 
characteristics  of  redox  reactions  are  strongly  dependent  on  the 
shape  and  dimensionality  of  the  electrode  material  at  the  nanoscale 
level  [10,14,61—63].  Two  main  factors;  (1)  higher  specific  area  and 
(2)  suitable  porosity  for  easy  insertion/de-insertion  of  ions  into / 


from  the  electrode  matrix  mostly  contribute  to  the  number,  effi¬ 
ciency  and  ease  of  redox  reactions.  The  Mn02-mw  sample  consists 
of  numerous  rippled  shaped  microflakes  with  higher  porosity  as 
compared  to  the  lowly  porous  Mn02-ref  sample  made  up  of  thick 
microflakes.  It  is  therefore  presumed  that  the  morphologically 
preferable  Mn02-mw  sample  contains  more  surface  than  bulk 
which  promotes  higher  number  of  redox  reactions  resulting  in 
higher  current  density  as  compared  to  that  of  Mn02-ref  sample. 
Further  the  characteristic  cyclic  voltammetry  patterns  of  Mn02-mw 
sample  are  better  rectangular  as  compared  to  Mn02-ref  sample 
even  at  higher  scan  rates,  which  is  solely  due  to  less  polarization 
resistance  (better  accessibility  of  the  surface  to  ions)  in  the  Mn02- 
mw  sample  [20].  The  structural  suitability  of  Mn02-mw  sample 
facilitates  faster  ion  diffusion  between  the  electrode  matrix  and  the 
electrolytes,  thereby  reducing  the  polarization  resistance  even  at 
higher  scan  rate  conditions.  From  the  CV  measurements  at  different 
scan  rates  ( v ,  Vs-1),  the  specific  capacitance  (Cs,  Fg-1)  values  are 
estimated  using  the  equation  [2,64-66]: 


Cs 


1 

vw(Va 


Vc) 
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i  x  VdV 
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where  w  (g)  is  active  weight  of  the  electrode  material.  The  specific 
capacitance  values  of  the  samples  at  different  scan  rates  were 
drawn  from  the  integration  of  potential  (V  versus  SCE)  versus 
specific  capacitance  (Cs,  Fg-1)  graphs,  as  shown  in  Fig.  SI  in  the 
Supplementary  Information.  At  potential  scan  rates  of 
10-100  mVs-1,  the  specific  capacitance  values  for  MnCVmw 
sample  are  found  to  be  407-258  Fg-1.  Similarly,  at  the  same  scan 
rates  the  specific  capacitance  values  for  Mn02-ref  sample  are  in  the 
range  of  331-168  Fg-1.  The  CV  data  show  that  there  is  a  continuous 
decrease  in  the  specific  capacitance  values  with  increase  in 
potential  scan  rate  (Fig.  4D).  This  is  an  important  aspect  of  porous 
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materials  where  the  resistance  of  the  pores  plays  a  significant  role 
during  charge  storage  process  [59,60].  At  lower  potential  sweep 
rate,  the  output  current  is  small,  so  IR  loss  (voltage  drop)  is  negli¬ 
gible,  and  the  overall  current  response  is  mostly  capacitive. 
However,  with  increase  in  scan  rate,  the  current  becomes  more  and 
the  IR  loss  gradually  becomes  significant,  which  results  in  decrease 
in  the  reduced  current  and  the  response  current  become  more 
resistive.  Therefore,  the  specific  capacitance  becomes  inversely 
correlated  with  the  scan  rate  [59,60].  Nevertheless,  the  pore 
structure  of  an  electrode  material  can  influence  the  distributed 
resistance  inside  the  pores  which  further  controls  the  nature  of 
response  current  (capacitive  or  resistive)  during  CV  cycling.  An 
electrode  material  with  suitable  pore  structure  (easy  channeling  of 
ions)  contributes  positively  toward  the  capacitive  nature  of 
response  current  and  charge  storage  efficiency  [67].  As  in  the 
Mn02-mw  sample  the  pores  are  more  regular,  the  ionic  mobility  is 
less  hindered,  which  minimize  resistance  inside  the  pores.  This  is 
reflected  in  the  higher  specific  capacitance  value  and  only  ~36% 
capacitance  loss  with  increase  in  the  scan  rate  from  10  to 
100  mVs-1.  However,  during  similar  CV  scans,  Mn02-ref  sample 
shows  lower  specific  capacitance  value  and  suffers  ~  50%  capaci¬ 
tance  loss  with  increase  in  the  scan  rate  from  10  to  100  mVs-1 
(inset  of  Fig.  4D).  This  demonstrates  the  higher  current  response  of 
Mn02-mw  sample,  which  is  due  to  the  high  accessibility  of  H+  and 
Na+  ions  on  the  surface  consisting  of  numerous  nano-channels.  The 
specific  capacitance  values  of  the  MnCVmw  sample  is  also 
reasonably  higher  than  the  values  reported  for  non-composite 
Mn02  materials  in  the  given  potential  range,  under  higher 
loading  conditions  ( - 1  mgarr2)  and  high  scan  rates.  This  may  be 
due  to  the  crystallographic  phase  purity,  highly  accessible  active 
surface  and  surface  homogeneity  of  the  Mn02-mw  sample  which 
possesses  higher  concentration  of  active  adsorption  sites  (surface 
hydroxyl  groups)  thereby  adding  some  non-Faradaic  contribution 


toward  the  charge  storage  [20].  It  is  to  be  noted  from  the  inset  of 
Fig.  4D  that  the  %  decrease  in  specific  capacitance  of  MnCVref  and 
MnCVmw  samples  at  lower  scan  rate  are  not  so  significant.  This  is 
due  to  the  bulk  accession/total  surface  accession  by  H+  and  Na+ 
ions  at  lower  scan  rates.  However  at  higher  scan  rates,  the  domi¬ 
nance  of  only  surface  accession  phenomena  results  in  the  larger 
variation  in  the  decrease  of  specific  capacitance  values. 

3.2.2.  Chronopotentiometry  (CP)  analysis 

Owing  to  the  importance  of  cyclic  stability  during  charge- 
discharge  of  electrode  materials  for  their  potential  use  in  super¬ 
capacitor  devices,  linear  voltage— time  profiles  of  the  Mn02-ref  and 
Mn02-mw  samples  measured  at  current  densities  of  1,  2,  4,  8  and 
16  Ag  1  are  shown  in  Fig.  S2A  and  B,  respectively,  in  the  Supple¬ 
mentary  Information.  The  rate  dependent  discharge  profiles  taken 
from  the  first  cycles  of  corresponding  voltage-time  profiles  of 
Mn02-ref  and  Mn02-mw  samples  are  shown  in  Fig.  5A  and  B, 
respectively.  It  is  to  be  noted  that  the  discharging  time  of  Mn02-mw 
sample  is  higher  than  that  of  MnCVref  sample  at  identical  current 
density  conditions.  A  comparative  discharge  profile  of  MnCVref 
and  Mn02-mw  samples  at  8  Ag-1  is  shown  in  Fig.  5C.  This  in 
principle  represents  enhanced  pseudocapacitance  performance  of 
the  MnC^-mw  sample.  In  addition,  the  galvanostatic  charge/ 
discharge  profiles  of  the  Mn02-mw  sample  (Fig.  S2B)  are  more 
linear  and  symmetrical  as  compared  to  the  Mn02-ref  sample 
(Fig.  S2A),  which  indicates  better  I-V  response,  electrochemical 
reversibility  and  ideal  capacitive  characteristic  of  the  microwave 
synthesized  sample  [2].  Specific  capacitance  values  of  MnCVref 
and  MnCVmw  samples  have  been  calculated  from  the  linear 
voltage-time  measurements  at  different  applied  current  densities 
(i),  active  mass  of  the  sample  (m),  corresponding  discharge  time 
(At)  and  operating  potential  window  (AV)  using  the  equation 
[2,64-66]: 


Time  (sec)  Time  (sec) 


Fig.  5.  Discharge  curves  of  (A)  Mn02-ref  and  (B)  Mn02-mw  samples  at  different  current  densities;  (C)  Comparison  of  iR  drops  in  the  discharge  profiles  of  the  samples  at  current 
density  of  8  Ag-1;  and  (D)  Current  density  dependent  specific  capacitance  plots  of  the  samples;  inset  shows  the  plots  of  capacitance  retention  versus  applied  current  density. 
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The  estimated  specific  capacitance  values  of  Mn02-mw  and 
MnCVref  sample  at  different  applied  current  densities  of 
1.0-16.0  Ag-1  are  presented  in  Fig.  5D.  From  the  current  density 
versus  capacitance  retention  plots  of  the  samples  in  the  inset  of 
Fig.  5D,  it  can  be  ascertained  that  the  Mn02-mw  sample  retains 
~61%  of  specific  capacitance  as  compared  to  ~36%  specific 
capacitance  retention  by  MnCVref  sample  at  16  Ag-1  against  the 
corresponding  values  at  current  density  of  1  Ag  l  These  perfor¬ 
mance  data  suggest  excellent  higher  rate  electrochemical  perfor¬ 
mance  of  hierarchically  porous  Mn02-mw  sample  as  compared  to 
MnCVref  sample  [2,55,62,63].  The  good  capacitive  retention 
behavior  of  MnCVmw  sample  is  a  combined  contribution  of  high 
porosity  with  superior  pore-channel  structure  and  large  internal 
accessible  surface  which  in  turn  facilitate  the  electrolyte  penetra¬ 
tion  into  the  sample  matrix,  decrease  the  ion  diffusion  resistance 
and  enhance  the  electro-active  surface  utilization  during  the  redox 
process  [17,68,69].  Besides,  the  nanosize  channels  in  the  rippled 
shape  surface  of  MnCVmw  sample  alleviate  ion  hopping  between 
the  neighboring  surface  sites,  thereby  easing  the  ion  diffusion  and 
increasing  the  dynamics  of  charge  propagation  during  the  charge 
storage  process  [49,70].  Further,  numerous  nanochannels  and 
higher  pore  volume  of  the  sample  act  as  “ion-buffering  reservoirs” 
which  reduce  the  mean  free  path  of  the  anions  and  facilitate  faster 
ionic  and  electronic  kinetics,  thus  maximising  the  reversible 
insertion/de-insertion  reactions  [49,55,65,71].  The  MnCVref 
sample,  due  to  lower  surface  area,  pore  volume  and  agglomerated 
thick  flake  like  structure,  contains  lower  number  of  electro-active 
surface  sites,  and  the  irregular  pores  as  well  as  disoriented  pore 
walls  induce  random  scattering  of  H+  and  Na+  ions,  which  enhance 
the  diffusion  resistance  and  decrease  the  kinetics  of  these  ions 
inside  the  sample  matrix  [69].  Therefore  the  overall  ion  transport 
resistance  is  less  in  MnCVmw  sample  as  compared  to  MnCVref 
sample.  The  higher  resistance  in  the  MnCVmw  sample  can  also  be 
established  from  the  lower  voltage  (iR)  drops  during  the  discharge 
process  at  all  current  densities  [72,73]  as  shown  in  Fig.  S2A  and  B 
and  the  compared  iR  drops  at  8  Ag-1  in  Fig.  5C.  The  superior  bulk 
accessibility  in  Mn02-mw  sample  as  compared  to  Mn02-ref  sample 
by  H+  and  Na+  ions  is  presented  in  Scheme  2. 

Long  cyclic  stability  is  one  of  the  most  important  requirements 
for  practical  competence  of  supercapacitor  devices.  The  cyclic 
specific  capacitance  performance  of  MnCVref  and  MnCVmw 


samples  for  400  cycles  at  each  current  density  of  1.0,  2.0,  4.0,  8.0 
and  16.0  Ag-1  are  presented  in  Fig.  6A  and  B,  respectively,  with 
corresponding  capacitance  retention  plots  shown  in  Fig.  6C  and  D. 
From  these  data  plots,  it  is  quite  evident  that  the  decrease  in 
specific  capacitance  with  increasing  applied  current  densities  is 
considerably  higher  for  MnCVref  sample  as  compared  to  Mn02- 
mw  sample.  The  superior  capacitance  retention  of  Mn02-mw 
sample  is  attributed  to  the  microwave  induced  oriented  three 
dimensional  network  structures  which  do  not  suffer  pore  and 
surface  structural  degradation  during  repeated  charge-discharge 
process  even  at  higher  current  density  conditions.  The  easy  chan¬ 
neling  of  H+  and  Na+  ions  exert  minimum  strain  and  deformity  on 
porous  Mn02-mw  sample  during  continuous  insertion/de¬ 
insertion  process.  In  contrast,  the  thick  microflakes  of  Mn02-ref 
sample  are  very  loosely  assembled  and  there  is  no  regular  and 
three-dimensional  nanoporous  architecture  to  compensate  the 
strain  exerted  by  fast  insertion/de-insertion  of  H+  and  Na+  ions. 
Therefore  Mn02-ref  sample  suffers  structural  deformation  and 
flaking-off,  particularly  under  high  current  density  condition  for 
long  cycles,  resulting  in  poor  capacitance  retention.  For  both  the 
samples,  there  is  minor  increase  in  the  specific  capacitance  during 
the  first  100  to  150  charge— discharge  cycles  at  lower  current 
density  conditions.  This  is  due  to  surface  activation  and  minor  pore 
opening  during  the  bulk  participation  in  ion  insertion/de-insertion, 
particularly  at  lower  current  density  conditions. 

The  Coulombic  efficiency  (rj)  of  the  charge  storage  process  is  an 
assessment  of  easiness  at  which  ion  insertion  and  de-insertion 
takes  place  during  charging  and  corresponding  discharging 
processes,  respectively  [49,55,65].  The  Coulombic  efficiency  (%)  of 
the  samples  has  been  quantitatively  estimated  using  the  following 
equation: 

?7  =  —  x  1 00  (3) 

k 

Where  tc  and  to  represents  charging  and  discharging  time, 
respectively  (Fig.  S2A  and  B,  in  the  Supplementary  Information). 
From  the  compared  Coulombic  efficiency  patterns  of  Mn02-ref  and 
Mn02-mw  samples  during  long  charge-discharge  cycles  at 
different  current  densities  in  Fig.  S3A  and  B,  it  can  be  seen  that  the 
performance  of  Mn02-mw  sample  is  significantly  better  than  that 
of  Mn02-ref  sample.  The  surprising  increase  in  the  Coulombic 
efficiency  with  increase  in  applied  current  density  during  the 
charge-discharge  measurements  on  Mn02-mw  sample  is  due  to 
faster  surface  activation  at  high  current  density  condition.  The 
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Scheme  2.  The  accessibility  of  H+  and  Na+  ions  inside  the  matrix  of  Mn02-mw  and  Mn02-ref  samples.  The  nanochannels  of  the  Mn02-mw  sample  matrix  facilitate  more  ion 
diffusion  inside  the  bulk. 
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Fig.  6.  Specific  capacitance  and  %  capacitance  retention  of  Mn02-ref  (A  and  C)  and  Mn02-mw  (B  and  D)  samples  with  cycle  number,  derived  from  the  chronopotentiometry  study. 


- 100%  Coulombic  efficiency  of  MnC^-mw  sample  at  higher  current 
density  conditions  signifies  lower  internal  resistance,  shorter  ion 
transport  distances  and  better  electro-active  surface  utilization  due 
to  insignificant  structural  deformation  and  phase  transformation 
[49,55,65]  even  after  long  charge-discharge  cycles.  All  these  results 
clearly  demonstrate  that  microwave  synthesized  a-Mn02  is  a  better 
electrode  material  over  reflux-synthesized  a-Mn02  for  super¬ 
capacitor  device  applications. 

3.2.3.  Electrochemical  impedance  spectroscopy  (EIS)  analysis 

The  EIS  has  been  employed  to  study  the  kinetic  features  of 
Mn02-ref  and  Mn02-mw  sample  electrodes  during  their  charge 
storage  process  [74].  For  both  the  samples,  the  complex-plane 
impedance  plots  (Nyquist  plots;  imaginary  part,  Z"  versus  real 
part,  Z')  fitted  by  complex  nonlinear  least  squares  (CNLS)  fitting 
method  to  the  Randle  equivalent  circuit  are  shown  in  Fig.  7 A.  The 
Nyquist  plots  of  both  the  samples  show  almost  similar  profiles  with 
two  semicircles  at  higher  frequency  region  followed  by  a  spike  at 
lower  frequency  region.  The  slopes  of  the  spikes  are  close  to  90° 
along  the  imaginary  axis  (Z")  which  is  a  characteristic  of  non- 
ideally  polarizable  electrode,  attributable  to  the  occurrence  of 
pseudocapacitance  phenomena  in  the  system  [74].  Due  to  three 
characteristic  impedance  plot  patterns  at  different  frequencies, 
three  major  possible  electrochemical  processes  are  assumed  in  the 
electrode-electrolyte  interface  at  high,  medium,  and  low 
frequency  regions.  The  nature  of  different  kinetic  processes  in 
Mn02-ref  and  Mn02-mw  samples  at  different  frequency  regions  are 
assumed  due  to  possible  dissimilarity  in  the  charge  propagation 
phenomena  on  typical  surface  structures  of  the  samples.  At  high 
frequency  region,  the  small  semicircle  signifies  charge  transfer 
process  in  the  electrode-electrolyte  interfaces  [60,75].  This  can  be 
suitably  modeled  as  a  double-layer  capacitor,  Q  (537.8  and 
593.4  pF  cm-2  for  Mn02-ref  and  MnCVmw  samples,  respectively) 
in  parallel  with  a  charge-transfer  resistor,  RiCt.  The  charge  transfer 


resistance  at  the  electrode-electrolyte  interface  arises  due  to  the 
discontinuity  in  the  charge  transfer  process  because  of  conductivity 
difference  between  the  solid  oxide  (electronic  conductivity)  and 
liquid  electrolyte  phase  (ionic  conductivity)  [60,75].  At  the  high 
frequency  region,  the  intercept  of  the  semicircles  at  real  part 
(Z'  =  4.5  Q)  signifies  a  combination  of  ionic  resistance  of  electrolyte, 
intrinsic  resistance  of  substrate,  and  contact  resistance  at  the  active 
material/current  collector  interface.  From  the  Nyquist  plots  in 
Fig.  7A,  the  cumulative  resistances  at  higher  frequency  region  are 
same  for  both  the  Mn02  samples,  suggesting  combined  contribu¬ 
tions  from  ionic  resistance  of  electrolyte,  intrinsic  resistance  of 
substrate,  and  contact  resistance  at  the  active  material/current 
collector  interface.  The  resistance  in  medium  frequency  region  is 
a  result  of  diffusion  controlled  process,  and  the  overall  intrinsic 
capacitance  and  resistance  are  characteristic  of  ion  insertion/de¬ 
insertion  processes.  These  specific  phenomena  can  be  repre¬ 
sented  as  a  combination  of  film  capacitor  (C/)  in  parallel  with  an 
electron-transfer  resistor  (Rect)-  The  distinctive  semicircles  of  the 
Mn02-mw  sample  in  the  medium  frequency  region  is  small  as 
compared  to  that  for  the  Mn02-ref  sample  suggesting  lower 
diffusion  resistance  during  insertion/de-insertion  of  H+  and  Na+ 
ions  inside  the  matrix  of  porous  MnCVmw  sample.  This  is  consis¬ 
tent  with  the  observations  from  CV  and  charge-discharge 
measurements.  The  presence  of  buffering  H+  and  Na+  ions  inside 
the  well-organized  mesoporous  matrix  of  Mn02-mw  reduces  the 
transport  length  of  the  ions  inside  the  nanochannels,  and  hence  the 
diffusion  resistance.  In  contrast,  the  Mn02-ref  sample  lacks  suitable 
regular  porosity  due  to  the  absence  of  nanochannels,  and  suffers 
from  higher  ion  diffusion  resistance.  The  slope  of  45°  portion 
(shown  as  6  in  Fig.  7A)  in  the  transitory  frequency  next  to  the 
second  semicircle  and  the  noticeable  linear  part  at  the  low 
frequency  region  of  the  respective  Nyquist  plots  is  called  Warburg 
resistance  (W)  which  originates  from  the  frequency  dependence  of 
ion  diffusion/transport  from  the  electrolyte  to  the  electrode  surface 


326 


S.K.  Meher,  G.R.  Rao  /  Journal  of  Power  Sources  215  (2012)  317-328 


60 
50 
^40 
w30 
^  20 
10 
0 

0  10  20  30  40  50  60 

Z'(O) 


Frequency,/ (Hz) 


Fig.  7.  (A)  Complex  plane  impedance  plots  (Nyquist  plots)  of  Mn02-ref  and  Mn02-mw  samples;  inset  shows  the  Randles  equivalent  circuit  from  which  the  plots  are  generated;  (B) 
Frequency  dependent  specific  capacitance  of  Mn02-ref  and  Mn02-mw  samples;  inset  shows  the  frequency  dependent  capacitance  retention  (%)  of  the  samples. 


[60,75].  The  linear  part  which  is  almost  vertical  to  the  real  axis  in 
the  imaginary  part  of  the  impedance  at  the  low  frequency  region 
represents  the  Faradic  pseudo-capacitance  of  the  sample  electrode. 
The  equivalent  series  resistance  (ESR),  which  is  a  measure  of 
conductivity  of  an  electrode  material,  has  been  obtained  from  the 
tangential  intersection  of  the  corresponding  Nyquist  plots  on 
Z'-axis  [76].  The  ESR  values  of  the  Mn02-mw  and  Mn02-ref  samples 
are  found  to  be  ~  15.9  Q  and  21.3  Q,  respectively,  clearly  suggesting 
higher  conductivity  of  Mn02-mw  sample.  The  XRD  results  indicate 
that,  MnCVmw  sample  is  more  crystalline  and  can  have  better 
defined  tunnel/interlayer  structure  than  Mn02-ref  sample.  These 
characteristic  physicochemical  properties  of  Mn02-mw  sample 
favor  better  accommodation  and  transportation  of  cations.  Easy 
conduction/transportation  of  cations  throughout  the  bulk  of  Mn02 
is  essential  for  enhanced  pseudocapacitance  performance.  In  this 
context,  hydrated  contents  are  also  known  to  have  positive  influ¬ 
ence  on  the  ionic  conductivities,  since  higher  water  content 
promotes  proton  hopping  throughout  the  sample  matrix  [15].  From 
the  TG  analysis  it  is  found  that  the  MnCVmw  sample  contains 
significantly  higher  amount  of  water  molecules  than  the  Mn02-ref 
sample.  The  presence  of  higher  amount  of  water  molecules  can 
further  enhance  the  proton  conductivity  in  the  sample  matrix, 
thereby  increasing  the  conductivity  of  MnCVmw  sample.  There¬ 
fore,  the  crystallographic  identity  of  the  electrode  material  is  as 
important  as  active  surface  area  for  charge  storage  efficiency.  The 
specific  capacitance  (Cs)  values  of  both  the  Mn02  sample  electrodes 
have  been  derived  from  the  impedance  data,  using  frequency  (f) 
and  the  imaginary  Z"(=|— Z"|)  in  the  equation  [64,65,74]: 


The  frequency  dependent  specific  capacitance  plots  of  MnCV 
mw  and  MnCVref  samples  are  shown  in  Fig.  7B.  From  the  plot, 
the  specific  capacitance  values  of  MnCVmw  sample  are  found  to 
be  considerably  higher  than  MnCVref  sample,  in  the  entire 
operating  frequency  range.  Further,  the  specific  capacitance 
values  of  MnCVmw  sample  are  higher  at  elevated  operating 
frequencies  (135  Fg-1  at  1  Hz  and  37  Fg-1  at  10  Hz)  compared  to 
MnCVref  sample  (59  Fg-1  at  1  Hz  and  only  7  Fg-1  at  10  Hz), 
demonstrating  higher  frequency  response  of  MnCVmw  sample. 
It  is  known  that  the  variation  of  capacitance  with  frequency  is 
a  common  phenomenon  for  a  porous  electrode,  which  can  be 
analyzed  by  the  transmission  line  model  first  proposed  by  de 
Levie  [77].  This  model  suggests  that  in  the  case  of  sufficiently 
high  ac  frequency,  only  the  outer  surface  (near  pore  opening)  is 
influenced  by  the  ac  voltage  due  to  the  smaller  penetration  depth 


of  the  pore  as  compared  to  the  pore  length  of  the  porous  elec¬ 
trodes  [77].  Therefore,  the  resultant  capacitance  is  small  since 
only  a  limited  part  of  electrode  surface  is  utilized  as  a  capacitor. 
However,  in  the  low  frequency  region,  the  penetration  depth 
becomes  larger  as  compared  to  the  pore  length,  which  results  in 
more  resultant  capacitance  due  to  maximum  pore  surface  utili¬ 
zation.  Hence,  the  superior  capacitance  response  at  higher 
frequency  essentially  suggests  better  bulk  utilization  of  the 
electroactive  sample,  i.e.  MnCVmw  sample  in  the  present  study. 
According  to  the  fractal  tree-root  model,  the  mesopores  are  more 
quickly  charged  as  compared  to  the  micropores  due  to  the  ease  of 
mass  transfer  in  the  mesopores  during  the  charge-discharge 
process  [74].  Since,  MnCVmw  sample  possess  higher  fraction  of 
accessible  three  dimensional  networks  of  regular  mesopores,  it 
shows  better  frequency  response.  However,  due  to  the  lower 
fractions  of  mesopores  in  MnCVref  sample,  the  charge  transfer 
resistance  becomes  dominant  as  a  result  of  severely  random  ionic 
collisions.  The  situation  becomes  worse  at  higher  operating 
frequency  and  therefore  the  capacitor  frequency  response  is  low 
for  MnCVref  sample.  This  is  clearer  from  the  frequency  depen¬ 
dent  capacitance  retention  (%)  plot  in  the  inset  of  Fig.  7B,  where 
the  MnCVmw  sample  shows  higher  capacitance  retention  than 
the  MnCVref  sample  at  higher  operating  frequency  condition. 
The  better  rate  response  and  power  performance  of  MnCVmw 
sample  has  been  further  verified  from  the  capacitor  response 
frequency  [74];  the  frequency  where  the  phase  angle  cp  =  -45°, 
{ftp  =  -45),  in  the /versus  <p  plot  in  Fig.  8.  The  capacitor  response 
frequency  (0.364  Hz)  of  Mn02-mw  sample  is  appreciably  higher 
than  the  response  frequency  (0.097  Hz)  of  MnCVref  sample. 
Since  response  time  of  a  supercapacitor  is  the  reciprocal  of  the 
response  frequency,  MnCVmw  sample  would  show  faster 
response  (smaller  response  time)  as  compared  to  MnCVref 
sample  (larger  response  time)  when  used  in  a  device. 

Power  density  (dp)  and  energy  density  (dp)  are  most  important 
parameters  of  electrochemical  supercapacitor  device  which  deter¬ 
mine  its  operational  performance/efficiency.  The  dp  values  of 
MnCVref  and  MnCVmw  samples  are  derived  from  the  CV 
measurements  at  different  scan  rates  from  the  equation  [78]: 

d£  =  lev2  (5) 

where  C  is  the  specific  capacitance  (Fg-1)  at  a  particular  potential 
scan  rate  under  the  potential  window  of  1.0  V  (Fig.  4A  and  B).  The  dp 
values  of  the  samples  are  derived  by  dividing  the  respective  dp 
values  with  time  “t”  for  one  cyclic  sweep  at  the  corresponding  scan 
rate: 


S.K.  Meher,  G.R.  Rao  /  Journal  of  Power  Sources  215  (2012)  317-328 


327 


Fig.  8.  The  frequency  dependence  of  phase  angle,  <p,  for  Mn02-ref  and  Mn02-mw 
samples. 


dp  =  y  (6) 

The  dp  versus  dp  for  the  Mn02-ref  and  Mn02-mw  samples  are 
plotted  and  compared  with  the  standard  Ragone  plot  [79]  for  fuel 
cells,  conventional  batteries,  conventional  capacitors,  and  normal 
ultracapacitors  in  Fig.  9.  Both  Mn02-ref  and  Mn02-mw  sample 
electrodes  demonstrate  relatively  higher  energy  density  than 
conventional  capacitors  and  normal  ultracapacitors,  maintaining 
their  power  density  considerably  higher  than  the  conventional 
batteries  and  fuel  cells.  This  observation  is  quite  promising  in  the 
context  of  utilizing  Mn02  samples  for  fabricating  electrodes  in 
supercapacitor  devices.  However,  MnCVmw  sample  demonstrates 
higher  power  and  energy  densities  as  compared  to  Mn02-ref 
sample.  Also  the  decrease  in  energy  density  with  increasing  power 
density  is  marginal  for  Mn02-mw  sample  as  compared  to  Mn02-ref 
sample.  The  key  to  the  superior  performance  of  Mn02-mw  sample 
is  the  availability  of  large  amount  of  inner  surface  in  the  form  of 


Fig.  9.  The  power  density  versus  energy  density  of  Mn02-ref  and  Mn02-mw  samples 
in  a  Ragone  plot  for  fuel  cells,  conventional  batteries,  conventional  capacitors,  and 
normal  ultracapacitors  [48]. 


curved  MnC^  nanosheets.  Further,  it  is  possible  to  improve  the 
overall  supercapacitance  performance  of  MnCVmw  sample  by 
employing  ionic  liquid  electrolytes. 

In  summary,  microwave  mediated  synthesis  is  a  versatile 
approach  to  prepare  hierarchically  porous  Mn02  with  better 
surface  and  bulk  properties  for  high  performance  supercapacitor 
applications. 

4.  Conclusions 

In  this  work,  we  have  demonstrated  the  characteristic  better 
surface  properties  like  uniform  surface  morphology,  high  surface 
area,  pore  volume  and  bimodal  pore  size  distribution  of  a-Mn02 
samples  synthesized  under  microwave  assisted  method  as 
compared  to  conventional-reflux  methods.  The  electrochemical 
studies  of  the  a-Mn02  samples  show  explicit  influence  of  surface 
properties  on  the  pseudocapacitance  performance.  The  CV  studies 
show  considerably  improved  high  rate  pseudocapacitance  of  the 
microwave  synthesized  a-Mn02  sample  over  the  conventional- 
reflux  synthesized  a-Mn02  sample.  This  is  attributed  to  facile 
electrolyte  penetration,  lowered  ion  diffusion  resistance  and 
better  Faradaic  utilization  of  the  porous  flower  like  arranged 
structures  made  up  of  layered  rippled-surface  flakes.  The  CP  study 
under  various  current  density  conditions  shows  better  I-V 
response,  improved  electrochemical  reversibility,  high  retention 
at  elevated  current  density  condition,  small  IR  drops  and  superior 
coloumbic  efficiency  of  the  microwave  synthesized  oc-Mn02 
sample.  Further,  the  EIS  analysis  shows  lower  ESR  value,  high 
power  performance,  excellent  rate  as  well  as  frequency  response, 
and  lower  response  time  of  the  microwave  synthesized  a-Mn02 
sample.  The  Ragone  plot  ascertains  better  power  and  energy 
densities  of  microwave  synthesized  oc-MnC>2  sample  as  compared  to 
the  conventional-reflux  synthesized  a-Mn02  sample.  This  study 
illustrates  that  the  microwave  synthesis  approach  can  have  wider 
implications  in  fine-tuning  surface  properties  of  oxide  materials  for 
energy  storage  applications. 
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